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Mobius Dual-Mode Resonators and Bandpass Filters

Jeffrey M. Pond

Abstract—t is shown that a topological surface known as the
Mobius strip has applications to electromagnetic resonators and
filters. Using identical rectangles to construct a cylindrical loop and
a Mobius strip results in the path length of the edge of the M&bius
strip being twice the path length of an edge of the cylindrical loop.
This path-length advantage is consistent with the electromagnetic
analog of a M6bius strip resonating at half the resonant frequency
of the electromagnetic analog of the cylindrical loop even though b
they have the same mean diameter.

Dual-mode Médbius resonators have been demonstrated in
planar format and as wire-loaded cavities. Two-pole bandpass
filters have been constructed using these resonators. It is shown 0 90
that these bandpass filters possess intrinsic transmission zeros ¢ Phase (degrees)
that can be adjusted to enhance filter response. An equivalent
circuit, which demonstrates excellent agreement with measured Fig. 1. WhenA’ — A andB’ — B, the rectangles become (a) and (b)
data, is presented and discussed. cylinders and (c) a Mobius strip. The length of either of the two eddesA’
or B-B’) of the cylinder formed in (a) is equal to the length of the single
edge(A-B’-B-A’) of the Mdbius strip formed in (c). As representations of
transmission lines, the two orthogonal modes (solid and dashed lines) are (a) at
resonance for a “ring-type” resonator, (b) at antiresonance for a “half-length”
ring, and (c) at resonance for a “half-length” ring with a 18@vist” (M6bius
I. INTRODUCTION resonator).

a)

Index Terms—Bandpass filters, cavity resonator filters, filters,
microwave filters, resonators, topology.

TECHNIQUE is presented for reducing the size of mi-
crowave resonators and filters. This technique introducilsistrates the construction of cylinders from long rectangles,

a deformation in a transmission line that is analogous to the dithile Fig. 1(c) illustrates the realization of a Mobius strip from
ference between constructing a Mobius strip rather than a cylenlong rectangle. The cylinders resulting from Fig. 1(a) and (b)
drical loop from a rectangle. The phase change needed for refien A’ connects toA andB’ connects t@ each contain two
onance in these Md&bius structures has contributions from theges,A-A’ and B-B’. In contrast, the Mobius strip created
electrical length of the transmission line as well as the geometfiom Fig. 1(c) whenA’ connects tcA and B’ connects td3
deformation of the resonator [1]. The result is that for the samessesses only one edge;B’-B-A’. Although the length of
resonant frequency, the resonator circumference is reducedly rectangles used to construct the cylinder in Fig. 1(a) is twice
a factor of two and, hence, the resonator volume is reducedthgt of the edge of the rectangle used to construct the M&bius
a factor of four. The validity of the concept is established witktrip in Fig. 1(c), the length of the edde-B’-B-A’) of the
measurements of several resonators. Their practical applicatidbius strip is equal to the length of the edges of the cylinder.
is demonstrated with both a planar dual-mode bandpass filtldthough synonymous with a one-sided surface, modern
and a dual-mode wire-loaded cavity bandpass filter. MObius reepology uses the termonorientable(unorientable) surface to
onators are shown to possess intrinsic transmission zeros, whrisfer to the fact that globally left and right are nonsensical [4].
can be exploited to realize improved bandpass filter response. With the exception of certain hybrid ring or “rat-race” type

A practical definition [2] of a M6bius strip is “a one-sidedstructures [5]-[9], the concept of twisting the geometry to in-
surface that is constructed from a rectangle by holding one etréase the total phase shift has not been widely applied to dis-
fixed, rotating the opposite end through 288nd applying itto tributed electromagnetic circuits. There are several equally valid
the first end.” The Mdobius strip is probably the most commoperspectives from which the existence of the resonance in a re-
geometric shape cited to illustrate topology [2], “a branch afuced volume can be viewed.

mathematics concerned with those properties of geometric CON-) The path length of the edge of a Mébius strip is equal to
figurations which are unaltered by elastic deformations that are ~ yice the path length 00-0O’ in Fig. 1(c), which isdr

homeomorphisms.” times the mean radius of a smoothly curved Mébius strip.
Topologically, the Mdbius strip traditionally has been This periodicity allows a resonance condition to exist in
referred to as a one-sided surface [3] that possesses one edge. 3 smaller volume than can be realized without the twist.
Ignoring the sinusoidal patterns discussed later, Fig. 1(a) and (b)z) Since globally left and right are nonsensical on a nonori-
entable surface, there appears to be a periodic alterna-
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a nonorientable surface and phasing the electromagnei
oscillation with the path length associated with reversa
of left and right (the path length &@-O’ in Fig. 1(c)), a
resonant condition occurs.

3) Since the Mdbius strip contains a T8fwist, the dis-
tributed electromagnetic analog is expected to require
“circumference” (the path length &®-O’ in Fig. 1(c))
corresponding to a half-wavelength. When combinec
with the 180 twist, a total phase change of 366ccurs
and a resonant condition results.

Il. CONCEPTS

A Mobius resonator possesses several properties that can
useful in realizing filters. Prior to presenting experimental re-
sults, it is appropriate to discuss several important concepts, il
cluding the existence of two degenerate orthogonal modes [1(]
and the origins of intrinsic transmission zeros. Also d|scussEd Comparison of a model of a cylindrical loop resonator [from Fig. 1(a)]

- oy . 10, 2.
are generalized Mobius-type geometries thaF have the pmen&'{% amodel of a Méhius strip resonator [from Fig. 1(c)] with the same resonant
to offer even more compact resonators and filters. frequency.

A. Dual-Mode Resonance

Fig. 1 graphically demonstrates the existence of two degen- 1° 0./
erate orthogonal modes. Fig. 1(a) shows the sinusoidal (dashec !
line) and cosinusoidal (solid line) pattern of a wavelength of a
signal on a transmission line. The horizontal axis, labeled inde- in
grees, is proportional to the length. If this length of the transmis- —% e

a) )

sion line is smoothly bent around on itself such tAatonnects

to A’ andB connects td’, then both the sinusoidal and cosi-
nusoidal patterns and their derivatives match and they represent
the two degenerate orthogonal modes of a “ring resonator tygmj. 3. Transmission zeros exist due to short circuits at the (a) input port and
resonance. (b) output port. At the input port, an incident wave at the resonant frequency is

. . . . (a) out of phase, with the natural mode of the resonator due to tteths. If
In contrast, in F'Q- 1(b)' the Iength_Of the line is Only a hahc(b) configured as a bandpass filter, withand7m — ¢ representing the Mobius
wavelength long. Itis well known that if the same procedure thaéformation, a transmission zero appears at the output port when(6, —
was applied to Fig. 1(a) is applied to Fig. 1(b), the requiremerfts/2-

for resonance will not exist since the cosinusoidal pattern will

not match. Even though the sinusoidal pattern does meet,ij{§ 180 phase shift associated with the twist, resonance oc-
derivative is not continuous. L _curs when the electrical path length is a half-wavelendif2).
However, consider a section of transmission line that is gfowever, during the time the phase in the resonator has under-
equal length to that shown in Fig. 1(_b), and perform atwisting ‘@fone a total shift of 367 the phase of the signal on the input
the one end by 18efore applyingitto the firstend. As shownjine has only undergone a 186hift. As a result, the input port
in Fig. 1(c), the resonance condition is met sidc@€onnecting  forcing function is out of phase with the resonant signal in the
to A" and B connecting toB’ results in the both the sinu- regonator. Thus, this input port short circuit is coincident with
soidal and cosinusoidal modes and their derivatives’ matchifigs natural resonance of the resonator. As will be demonstrated

smoothly. Both Fig. 1(a) and (c) possess two degenerate mofigs; this does not preclude realizing useful bandpass filter char-
at the same frequency, even though the volume, as illustralgqeristics.

in Fig. 2, occupied by Fig. 1(c) is one-fourth that occupied by The gecond transmission zero, as illustrated in Fig. 3(b), can

Fig. 1(a). be placed to either side of the dual-mode resonances and located
at any desired frequency separation from the resonances. This
transmission zero can be considered to be a short circuit at the
In addition to the dual-mode resonance, intrinsic transmissiontput port. The phase shiftsand = — ¢ represent the total
zeros exist when configured as a bandpass filter. Without cdlB0® phase shift due to the twist, while the phase skHiftand
cern for the practical aspects of realizing the filter, the diagramis represent the phase lengths along the transmission line seg-
in Fig. 3(a) and (b) reveal the origins of these transmission zemgnts. At the fundamental Mobius resonartzet 62 = 180°.
assuming ideal lossless transmission lines. Assuming the incident signal is split equally into the upper and
The first of these transmission zeros arises from coupling intmwver arms, the two signals will arrive to be combined at the
the Mobius resonator, as shown in Fig. 3(a), and can be congditput port. Whenp = (6> — 6,)/2, the signals at the output
ered to be a short circuit at the input port. Withiepresenting cancel each other. If = 0, the transmission zero exists for all

b

B. Transmission Zeros
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frequencies, even wheh = 6, = 90°, which is the funda-
mental M6bius resonance.

These transmission zeros are intrinsic to the ideal circuit. A
though similar characteristics have been seen in traditional ri
resonators [11] and have been exploited to realize filters wi
desirable passband characteristics [12], [13], nonidealities
nonuniformities are required.

C. Higher Order Structures

In the following, terms are used without rigor since it it
desired only to ovey certain geometric shapes rather tha
describe them with mathematical precision. A generalize
“M0obius-type” structure can be realized by using an “annulus
where the annulus cross section hassafold (n = 2) rota-
tional symmetry. As the cross section is rotated around t
center of the annulus, the rotation of the cross section ab
its center must ben + (360° /n), wherem is an integer, if the
edges and surfaces are to meet smoothly. The Mdbius geom:
described in Fig. 1 is the case@f = 1 andn = 2 where the
annulus cross section is a line segment.

If the cross section of the annulus were two perpendicul ¥
lines segments that meet at their centers (i.e., an “X” that h
four-fold rotational symmetry) aneh = 2, the result is two
MGbius strips that intersect alo_ng their center circles. The rﬁb 4. (a) Drawing of a planar implementation of a M&bius resonator, where
sultant surface has only two “sides” and two “edges.” In CORne “twist” is implemented with two vertical interconnects. (b) Photograph of a
trast, form = 1 andn = 4, the surface would have one edg@apacitively coupled planar dual-mode Mébius bandpass filter as realized on a

and is a Mbius strip that intersects itself along its center circlEfon substrate.
As aresonator, a four-fold reduction in circumference would re-
sult, leading to a 16-fold reduction in volume. These geometriesAfter patterning the metal, two via holes were drilled in the
are related to the topological study of projected planes assasiibstrate. The “twist” results from inserting short wires through
ated with nonorientable substantial surfaces in Lens Spaces {Ab vias and soldering the wires to the top and bottom conductor.
Bothm = 1,n = 2andm = 2,n = 4 existin lens space [2,1], This can be seen at the top of Fig. 4(b), where the vias are located
whereasn = 1, n = 4 exists in Lens Space [4,1]. Further disat the ends of what appear to be a single interdigitated finger
cussion is beyond the scope of this paper. pair.

Measured results on wire-loaded cavity resonators witk The very short input and output transmission lines were
1,n = 2andm = 1,n = 4 are presented later. Althoughplaced 180 apart. The “twist” was placed at 9Qo the input
the following nomenclature is unique to this presentation, f@ind output lines. Both conductors of both the input and output
convenience thex = 1, n = 2 andm = 1,n = 4 geometries line are capacitively coupled to the resonator. Since gap
are referred to a¢r and8= Mobius resonators, respectively, incoupling could not be controlled to sufficient accuracy, a thin
reference to their periodicities. dielectric was deposited on the resonator so that an overlay
of the input and output lines would facilitate adjusting the
coupling capacitances without making dc electrical contact.
The experimental results are summarized in Fig. 5, where

A two-pole bandpass filter was fabricated using a planar irff?€ coupling capacitances have been adjusted empirically to
plementation of a dual-mode Mébius resonator. The “twist” @btain the results shown. As expec_ted, 'Fhe passband_ is centered
implemented using two via connections through the substrate§&" 1 GHz. Both modes are obvious in the reflection curve,
illustrated in Fig. 4(a). The filter employs a copper-clad Teflonich exhibits 16 dB of return loss. Although out-of-band
substrate that requires conductor patterning on both sides. Pfsformance is limited by parasitic coupling, evidence of a
main portion of the resonator is composed of a nearly closed “@&nsmission zero can be seen just above the passband.
on each side of the substrate. Since the same photolithographic
mask is used to pattern both surfaces, if the backside conductor
pattern could be viewed through the substrate in Fig. 4(b), it
would appear to be a mirror of the pattern that can be seen. GiveWire-loaded cavities were chosen as an obvious implemen-
the phase velocity reduction due to Tefls, =~ 2.0 x 10'° tation of the Mdbius concept. Helical wire-loaded cavities are
cm/s), a microstrip ring resonator with the same 3-cm mean diell known for their size advantage in comparison to empty cav-
ameter and strip width would possess a fundamental modadtits [14], [15]. Although the fundamental frequency of a helical
approximately 2.1 GHz. wire-loaded cavity does not possess two degenerate modes, the

I1l. PLANAR DUAL-MODE RESONATORS ANDFILTERS

IV. WIRE-LOADED CAVITIES
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0.6 0.8 10 12 14
Frequency (GHz)

Fig. 5. The measured magnitudes of the forward transmisgig |) and
reflection(]51+|) scattering parameters of the planar structure shown in Fig.
are given by the solid and dashed lines, respectively. The shape of the reflect
parameter clearly demonstrates the dual-mode nature of the resonance.

fundamental frequency of a Mdbius wire-loaded cavity is ex-
q y y )&%St Wire structures fabricated from 0.085-in diameter coax with the outer

peclt?d to possess two degenerate mOdejQ‘- Thus M(:jbius Ioaéi_ ctor removed: 4w Mobius (upper left)8 = Mobius (lower left), a double
cavities may possess some advantages in comparison to hielig (upper right), and d= helix (lower right).

loaded cavities in the realization of wire-loaded cavity filters.
A hollow cylindrical copper cavity with a diameter of 2.5 cm TABLE |
and a height of 0.9 cm was used for these measurements. WhBRPPERTIES OPWVIRE STRUCTURESFABRICATED FROM 0.085-in-DAMETER
empty, this cavity has a fundamental frequency at9.04 GHz. The COAX WITH THE OUTER CONDUCTOR REMOVED
cavity has a single end plate that is clamped with four screw
Input and output ports were placed t&part in the cylindrical Wire Fundamental Unloaded
wall. Small coupling loop antennas, fabricated from 0.085-in Geometry Resonant Frequency Quality Factor
diameter coaxial cable, were used to examine the properties (GHz) Q@
the resonances. These were mounted with a clamp that allow "
the strength of the coupling to be varied by sliding the 100[ 4% Mabius 2124 386
further into the cavity. For the bandpass filter discussed late

: ; 8n Mibius 1.035 305

the center conductors of the input and output coaxial cables we
extended into the cavity and bent in a circumferential arc. Two parallel loops 4.322 433
47 helix 0.819 304

A. Resonators

Several wire structures were fabricated using 0.085-in diam-
eter coaxial cable from which the outer conductor had been axe related to the odd mode of a two conductor line, exist only
moved leaving the center conductor sheathed in the dielectrichen the path length corresponds to odd integer multiples of a
As this would add some dielectric loading to the cavity, corhalf-wavelength.
ventional wire geometries were fabricated to compare to theThe8x Mdbius wire, shown at the lower left of Fig. 6, when
Mobius wire-loaded cavity. The four wire structures measurgafaced in the cavity results in the resonances shown in Fig. 8. A
are shown in Fig. 6. Depending on the particular geometry, allfafndamental dual-mode resonance is clearly seen just above 1
the wire structures were hand shaped from 6.1, 12.2, or 24.4 GHz. As expected, this is at half the resonant frequency of the
lengths of cable so that the mean diameter was always 1.94 dm Mdobius resonator. Again, the transmission zeros are evident,
Small glass reinforced dielectric spacers were used to maintaiith one being slightly above and the other slightly below the
a uniform wire separation. resonance peaks. A discussion off the higher order modes is

The measured resonances of all four structures are showrmayond the scope of this paper.
Figs. 7-10. Thelr Md&bius wire, shown in the upper left of For comparison purposes, it is illustrative to examine a wire
Fig. 6, when placed in the cavity results in the resonances shastructure consisting of two parallel loops, as shown at the upper
in Fig. 7. A fundamental dual-mode resonance is clearly sedght of Fig. 6. This structure is analogous to the geometry of
just above 2 GHz. Similarly, the transmission zeros are evidehtg. 1(a), whereas ther MObius wire is analogous to the geom-
with one being slightly above and the other slightly below thetry of Fig. 1(c). As shown in Fig. 9, the fundamental resonance
resonance peaks. The resonances at 4.2 and 4.5 GHz doofidt3 GHz is at about twice the frequency of theMdobius res-
correspond to higher order Mébius resonaces but, rather, arator. This is exactly the expected result given that the mean
determined by the fundamental even mode of a two conducthameters are the same. However, a more careful examination
line where the cavity wall is ground. Due to the 28fhase reveals more than just the two modes represented in Fig. 1(a).
shift induced by the twist, higher order Mdbius modes, whicBince the parallel loops are contained within the cavity, there
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Fig. 7. The measured resonances of the dual-mad#Gbius wire-loaded Fig. 10. The measured resonances of4hehelix wire-loaded cavity using
cavity using the wire structure shown at the upper left in Fig. 6. The centéte wire structure shown at the lower right in Fig. 6. The center frequency and
frequency andy ., of the dominant mode are given in Table I. Q.. of the dominant mode are given in Table I.

helix, shown at the lower right of Fig. 6, was chosen because
helical loading of cavities has been extensively studied [14],
[15] and can provide a useful experimental benchmark to
compare the measured resonant frequencies and quality factors.
The measured results for the helix are shown in Fig. 10. In
terms of overall size reduction, thier helix resonator an&nr
M@obius resonator are an interesting comparison. Ihéelix
has a fundamental frequency that is about 20% lower than the
8r Mobius resonator due to the nature of the mode on the helix
and the capacitive loading of the wire ends. The measured
unloaded@s of both these resonators are nearly identical. In
-100 1 > 3 4 5 comparison to an approximately similar size and performance
Frequency (GHz) helix, the primary advantage of ttter Mdbius structure is the

existence of the dual-mode resonance and the transmission
Fig. 8. The measured resonances of the dual-nged&6bius wire-loaded zargg
cavity using the wire structure shown at the lower left in Fig. 6. The center

frequency and? ., of the dominant mode are given in Table I. .
auency 9 B. Dual-Mode Bandpass Filter

The 47 Mobius wire fabricated from 0.085-in-diameter
coaxial cable was selected to implement a two-pole bandpass
filter using the dual-mode fundamental resonance. As the
existing cavity had no provision for tuning screws, the only
control available over the shape of the filter transfer function
was the rotational position of thisr Mdbius wire in the cavity
and the adjustment of the input and output port coupling
antennas. Further complicating the tuning procedure was the
fact that these parameters could only be varied with the top
plate of the cavity removed, as shown in Fig. 11.

The measured performance of the Mobius wire-loaded
cavity filter is given by the dashed lines in Fig. 12. The response
shown was obtained by an iterative approach of adjusting the ro-
tational position of the Mébius wire and the capacitive coupling
Fig. 9. The measured resonances of the double-loop wire-loaded cavity usif¢he input and output antennas. The passband is 90 MHz wide
the wire structure shown at the upper right in Fig. 6. The center frequency agfld is centered at 2.167 GHz, which corresponds toa4.2% frac-
.. of the dominant mode are given in Table I. tional bandwidth. The minimum insertion loss is 1 dB, and the

return loss is 4 dB. Each of the two intrinsic transmission zeros
exists bothsin(4) andcos(#) odd modes, as well aén(#) and is clearly visible. One is located just below the passband and the
cos(#) even modes. All four of these modes, given the smaither is located slightly above the passband, which enhances the
fractional volume occupied by the Teflon surrounding the wiresharpness of the filter. Overall, the transfer function is very sim-
will resonate at nearly the same frequency. ilar to that seen in some microstrip dual-mode ring-resonator

An additional wire-loading geometry, a two-tur#in() helix, bandpass filters [13]. A closer examination of the measured
was fabricated and tested for comparison purposes. 4hhe passband performance is given in Fig. 13. The phase response

IS,,! (dB)

1S, (dB)

0 1 2 3 4 5
Frequency (GHz)
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Fig. 11. A4s Mobius wire in 2.5-cm-diameter copper cavity; 1.5-cm-long

TLINP1 TLINP2

_c>12 C22_

-

CLINP2

Fig. 14. Equivalent circuit for thex Mdbius wire cavity resonator that gives
the response shown by the solid lines in Fig. 13.

Although considerable work will be required to optimize

coupling antennas are bentin counterclockwise arcs to achieve proper capacpi@sband performance and control out-of-band performance,

coupling to thetw Mdbius wire.

iS,,! (dB)

n L s -40
1.0 1.6 2.2 2.8 3.4

Frequency (GHz)

the initial results are quite encouraging. Current plans are
to fabricate a new cavity to facilitate tuning of the transfer
characteristics. The data provided by this experiment have
proven quite useful in the initial development of an equivalent
circuit. The equivalent circuit response, shown by the solid
lines in Fig. 12 and discussed in the next section, can be seen
to be in good agreement with the measured data.

V. CIRCUIT MODEL

The equivalent circuit employed to model the measured filter
response shown in Fig. 12 is shown in Fig. 14. The modeling
was implemented using EESof version 6. Since the currents in
the Mobius resonator closely resembles those of an odd mode
on a pair of coupled lines, a coupled transmission-line model

Fig. 12. The measured (dashed) and modeled (solid) magnitudes of (@LINP1, CLINP2, and CLINP3) was chosen as the basic

forward transmissiorf|S1|) and reflection(| S, |) scattering parameters of
the4r Mobius wire in 2.5-cm-diameter copper cavity shown in Fig. 12.

180
190
o
2
= 0
o
@
-90
_40 I I n L _1 80
1.9 2.0 2.1 22 23 24

Frequency (GHz)

Phase (S,)) (Degrees)

equivalent circuit element to model the Mdbius wire-loaded
cavity. The input and output transmission lines (TLINP1 and
TLINP2) account for the input and output coaxial cables.

The other circuit elements required are those that describe the
capacitive coupling between the input and output antennas and
the Mdbius wire resonator. To obtain the agreement between the
measured (dashed lines) and modeled (solid lines) data shown
in Fig. 12, it was necessary to allow the capacitive coupling el-
ements(Ci1, Cr2,Ca1, andCaz) to have both a frequency-in-
dependent term and a term that is linearly dependent with fre-
quency(C;; = Coij + wChyj). This is a reasonable method
of accommodating, with a lumped element capacitance, the dis-
tributed nature of the capacitive coupling in the experiment.

It should be noted that the properties of all three coupled-line
sections, except for their lengths, were identical. Since the
geometric deformation of the wire was evenly distributed, no

Fig. 13. Measured magnitude (solid) and phase (dashed) of the forwdsimped element components are used to model the twist. This

transmission scattering parameter of the device shown in Fig. 12. The phgegroborates that the transmission zeroes are intrinsic to the
has been corrected for the linear phase slope of the coaxial cables.

circuit. To explore this concept further, the equivalent circuit
was used to numerically investigate a loosely coupled resonator

shown in Fig. 13 has been corrected for the linear phase slapleere all four coupling capacitances have been reduced by
of the input and output coaxial cables. A better transfer funan identical factor. The total length of all three coupled-line
tion could undoubtedly be obtained if tuning could be variesections was held constant so that their total electrical length at

via feedthroughs in the cavity cover.

resonancé fo) was 180. Their relative lengths were varied to
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Fig. 15. Predicted transmission zero location versus relative electrical Iengthm
(6. + 62 = 180° at resonancef,,) using the conventions of Fig. 3.

[2]
study the behavior of the two transmission zeroes. As shown in
Fig. 15, the behavior of the lower frequency transmission zero{i]
observed in Fig. 12 is consistent with the intrinsic transmission
zero due to the short circuit at the output port. In contrast, thelS]
higher frequency transmission zero observed in Fig. 12 show%
almost no change in frequency in Fig. 15, which is consistent
with the intrinsic transmission zero due to the short circuit at [7]
the input port.

(8l

VI. CONCLUSION

Compact dual-mode resonators and bandpass filters havil
been realized by projecting a transmission line onto a nonori-
entable surface. The resulting geometry is analogous to @)
Maobius strip where the conductor defines the edge of the strip.
This concept of employing a geometric deformation in order tdtl]
contribute to the phase change required to achieve a resonangg
condition has resulted in a factor-of-four reduction in volume
as compared to the equivalent conventional geometry. Both
planar and wire-loaded cavity implementations have beeqg)
demonstrated. Higher order structures capable of a factor-of-16
reduction in volume have been presented. It was shown that
these structures possess intrinsic transmission zeros, which cag
greatly aid in obtaining desirable bandpass filter characteristics.
An equivalent circuit was introduced, which demonstrated!®
excellent agreement with the measured data.

Future effort will be focused on addressing issues of tuning,
coupling, and harmonic suppression. Of particular interest is the
integration of dielectric loading with M6bius wire-loaded cavity
resonators. More advanced resonators involving more compli-
cated geometries are also being pursued. The possibility of ex-
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